Abstract. Heat stress (HS) is commonly used to refer to the heat load that an individual is subjected to due to either metabolic heat, or environmental factors, including high temperatures and high humidity levels. HS has been reported to affect and even damage the functioning of various organs; overexposure to high temperatures and high humidity may lead to accidental deaths. It has been suggested that the cardiovascular system is primarily targeted by exposure to HS conditions; the HS-induced dysfunction of cardiomyocytes, which is characterized by mitochondrial dysfunction, may result in the development of cardiovascular diseases. The excessive production of reactive oxygen species (ROS) also participates in mitochondrial dysfunction. However, effective methods for the prevention and treatment of mitochondrial and cardiovascular dysfunction induced by exposure to HS are lacking. In the present study, we hypothesized that vitamin E (VE), an antioxidant, is capable of preventing oxidative stress and mitochondrial injury in cardiomyocytes induced by exposure to HS. The results revealed that pre-treatment with VE increased the expression of metallothionein (MT), which has previously been reported to confer cytoprotective effects, particularly on the cardiovascular system. Pre-treatment with VE restored mitochondrial function in cardiomyocytes under conditions of HS by increasing the expression of peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), nuclear respiratory factor 1 (NRF-1) and mitochondrial transcription factor A (TFAM), and by increasing adenosine triphosphate (ATP) levels. Furthermore, pre-treatment with VE decreased the production of ROS, which was induced by exposure to HS and thus exerted antioxidant effects. In addition, pre-treatment with VE attenuated oxidative stress induced by exposure to HS, as demonstrated by the increased levels of antioxidant enzymes [superoxide dismutase (SOD) and glutathione (GSH)], and by the decreased levels of markers of oxidative injury [malondialdehyde (MDA) and lactate dehydrogenase (LDH)]. Taken together, these findings suggest that pre-treatment with VE can prevent mitochondrial dysfunction and oxidative stress in cardiomyocytes induced by exposure to HS, by increasing the expression of MT.
Introduction
Increasing evidence has shown that heat stress (HS; namely, the heat overload induced by high temperatures and high humidity) negatively affects thermoregulation, limiting sweat evaporation and thus leading to high body temperatures and a series of heat stress responses (1) . It has been suggested that the cardiovascular system is primarily targeted by exposure to HS and it is the most easily injured (2) , which may result in the development of a series of heat-related illnesses, including heat cramps, heat syncope, heat exhaustion, heat stroke and even death (3) . Mitochondria are abundantly distributed in cardiomyocytes due to the high energy demands of the heart (4), and mitochondria are vulnerable to various types of stress stimuli (3) . The impairment of multiple aspects of mitochondrial function has been reported to be one of the principal events occuring in cardiomyocytes subjected to stress, including the increased permeability of the mitochondrial membrane, decreased membrane potential and the increased release of cytochrome c and apoptosis-inducing factor (AIF) from the nucleus into the cytoplasm (5) . Furthermore, previous research has indicated that HS reduces blood flow, which leads to a lower oxygen supply and cellular hypoxia; hypoxia in turn results in the excessive production of reactive oxygen species (ROS) and oxidative stress (6) . ROS, including superoxide and hydrogen peroxide, are capable of destroying the structure and function of the cellular membrane, and of damaging the mitochondria, even-tually leading to cell death (7) . Hence, targeting mitochondrial injury and the metabolism of ROS may confer cytoprotective effects on heat-stressed cardiomyocytes (exposed to high temperatures and humidity), and may thus provide a therapeutic strategy for cardiovascular diseases induced by exposure to HS.
To date, we have already elucidated one of the mechanisms responsible for the development of HS-related diseases; namely, the angiotensin II signaling pathway, which is involved in HS-induced oxidative stress and in the apoptosis of cardiomyocytes (8) . Furthermore, we have proved in a previous study that a drug, geranylgeranylacetone, is effective at promoting the expression of heat shock protein 70 (Hsp70) (9) . Hsp70 has been reported to confer effective cytoprotection against various types of stress stimuli (10) . Metallothionein (MT) is also considered an endogenous cytoprotective molecule, mainly participating in the protection of the cardiovascular system (11) . MT has also been reported to be involved in metal homeostasis and detoxification, radical scavenging and in maintaining the integrity of membrane structures (12) . However, the protective effects exerted by MT on cardiomyocytes under conditions of HS remain to be elucidated. It is widely accepted that vitamin E (VE) is an effective antioxidant (13) . In the present study, we hypothesized that VE may exert a synergistic effect with MT, both of which participate in the maintenance of mitochondrial function and ROS levels under conditions of HS.
The tropical marine climate of Southern China, which is usually hot, wet and rainy, results in excessive heat and humidity which may account for the high morbidity associated with cardiovascular diseases in this region. However, little is known regarding therapeutic approaches which confer cytoprotective effects on cardiomyocytes under conditions of HS. Thus, in the present study, we aimed to examine the effects of VE on cardiomyocytes under conditions of HS. For this purpose, mice were housed in an artificial environment in order to mimic conditions of HS. Pre-treatment with VE increased the expression of MT under conditions of HS. The restoration of mitochondrial function was indicated by the upregulation of peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) and nuclear respiratory factor 1 (NRF-1), mitochondrial transcription factor A (TFAM), and increased adenosine triphosphate (ATP) levels. Moreover, conditions of HS increased the production of ROS and led to oxidative stress, and these effects were counteracted by pre-treatment with VE. The decrease in oxidative stress following treatment with VE was evidenced by the increased levels of antioxidant enzymes [superoxide dismutase (SOD) and glutathione (GSH)], and by the decreased levels of markers of oxidative injury [malondialdehyde (MDA) and lactate dehydrogenase (LDH)]. Taken together, these findings demonstrate that pre-treatment with VE confers cytoprotective effects on cardiomyocytes, possibly by increasing MT expression under conditions of HS. Our study provides evidence that VE may be used for the prevention and treatment of cardiovascular diseases induced by exposure to HS.
Materials and methods
Animals. Eight-week-old BALB/c mice, weighing 30-35 g, were purchased from the Laboratory Animal Center of Guangdong Province (Foshan, China). The mice were housed in a pathogenfree environment at a constant temperature of 20.0±2˚C under a 12-h day and night cycle and fed a routine diet with free access to water. All animal experimental procedures were performed according to the guidelines of the National Health and Medical Research Council for the Care and Use of Animals for Experimental Purposes in China. This study was approved by the Ethics Committee of Guangzhou General Hospital of Guangzhou Military Command (Guangzhou, China). All efforts were made to minimize suffering and all the mice survived in this study without developing any infections. The mice were euthanized by an intraperitoneal injection of pentobarbital sodium (100 mg/kg, Merck KGaA, Darmstadt, Germany).
Establishment of the model of HS and experimental grouping.
In order to mimic HS, a hot chamber was used to create an environment with a designated room temperature (40.0±0.05˚C) and relative humidity (60±5%). Normal temperature and humidity (NTH) conditions were designated as a room temperature of 24.0±1˚C and relative humidity of 45±5%. A total of 40 mice was randomly allocated to 1 of the following 4 groups: i) 10 mice treated with the vehicle were housed under conditions of NTH; ii) 10 mice treated with VE were housed under conditions of NTH; iii) 10 mice treated with the vehicle were housed under conditions of HS for 4 h per day; and iv) 10 mice treated with VE were housed under conditions of HS for 4 h per day. VE (Novartis Co., Ltd., Tokyo, Japan) dissolved in ethyl alcohol was administered orally (500 mg/kg) using feeding needles, as previously reported (14), 2 h prior to the initiation of the experiment. The equivalent volume of ethyl alcohol was used as the vehicle, which was also administered orally using feeding needles. This experiment was conducted over a 4-week period.
Measurement of ATP levels. The mice were treated as described above and sacrificed under deep anesthesia. The mouse hearts were quickly excised and frozen in liquid nitrogen in preparation for subsequent use. The ATP levels in the heart tissues were measured using an ATP assay kit (Beyotime, Shanghai, China) according to the manufacturer's instructions. Briefly, heart tissues were subjected to ATP Detection Lysis buffer, followed by centrifugation at 13,000 x g for 5 min, and the supernatant was added to the substrate solution. The relative light units were measured using a GloMax™ 96 microplate luminometer (Promega, Madison, WI, USA). A standard curve was used to calculate the ATP concentration.
Ferric reducing/antioxidant power (FRAP) assay.
A working FRAP solution was prepared by mixing 10 volumes of 300 mM acetate buffer (pH 3.6) with 1 volume of 10 mM tripyridyltriazine (TPTZ) solution and 1volume of 20 mM FeCl 3 solution. TPTZ was dissolved in 40 mM hydrochloric acid. Mouse cardiomyocytes were isolated as previouslsy described (15) . Briefly, the BALB/c mice were sacrificed under deep anesthesia and their hearts were quickly excised. Within 3 min, the heart tissues were cut into chunks, digested with collagenase type II (Worthington, Lakewood, NJ, USA) and protease type XIV (Sigma-Aldrich, St. Louis, MO, USA), and gently aspirated with a transfer pipette for facilitating the cell dissociation. The dissociated tissue explants were placed in minimal essential medium (MEM; HyClone, Logan, UT, USA) containing 12 mM NaHCO 3 , 10% fetal bovine serum (FBS; HyClone) and 1% penicillin-streptomycin (HyClone) at 37˚C with 5% CO 2 for cellular migration and confluence. The isolated cardiomyocytes were also cultured in MEM supplemented with 10% FBS and 1% penicillin-streptomycin. For the acquisition of samples, the cultured cardiomyocytes were lysed in RIPA buffer (Sigma-Aldrich) instead of the medium, followed by repetitive shaking on ice for 10 min. The mixtures were collected as FRAP samples. For the acquisition of serum, the blood was drawn from heart artery before sacrifice, and allowed to stand for 1 h at 37˚C for coagulation, followed by centrifugation at 3,000 x g for 10 min. The supernatant was regarded as serum samples. The samples from both cardiomyocytes and serum were subjected to FRAP assay. Subsequently, 150 µl of FeSO 4 solution (0, 0.2, 0.4 0.6, 0.8 and 1.0 mM) was mixed with 4.5 ml FRAP working solution for reaction at 37˚C for 10 min, and the absorbance at 593 nm was recorded for drawing a standard curve. Ten microliters of the samples were also mixed with FRAP working solution for reaction at 37˚C for 10 min, and the absorbance at 593 nm was recorded. The samples isolated from the mice housed under NTH conditions without VE pre-treatment served as the controls. The corresponding concentration of FeSO 4 (µM) was set as the antioxidant potential, which was read from standard curve according to the absorbance of FeSO 4 that was identical with samples.
Evaluation of ROS production. In order to evaluate ROS production, the mice were treated as described above for 4 weeks and sacrificed under deep anesthesia. The mouse hearts were rapidly excised and frozen in liquid nitrogen. The levels of ROS in the tissues were quantified using electron spin resonance spectroscopy with 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-hydroxy-TEMPO.7). All measurements were performed in 3 parallel runs.
Determination of oxidative stress. A biochemical analysis kit (Jiancheng Biotechnology Co., Nanjing, China) was used to measure the activity of SOD, GSH, MDA and LDH according to the manufacturer's instructions. Briefly, the heart tissues were washed in cold 0.9% NaCl solution repetitively, to wipe out blood residue, followed by drying with filter paper and weighing. Subsequently, the heart tissues were transferred to a beaker, and 0.9% NaCl solution was added again in a weight-to-volume ratio of 1:9. The heart tissues were then cut into sections and homogenized, followed by centrifugation at 2,000 x g for 15 min. The supernatant was aspirated and subjected to respective analysis kits for SOD (550 nm), GSH (420 nm), MDA (532 nm) and LDH (450 nm) using a Luminometer (Promega).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The left ventricular tissue was isolated along the interventricular septum. RNA was extracted from the left ventricular tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Total RNA (5 µg) was reverse transcribed into cDNA using M-MLV reverse transcriptase (Clontech, Palo Alto, CA, USA) according to the manufacturer's instructions. The SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA) was used in order to perform RT-qPCR and GAPDH served as the internal control. The following PCR conditions were used: 94˚C for 4 min; 35 cycles of 94˚C for 20 sec, 55˚C for 30 sec, and 72˚C for 20 sec with 2 sec for plate reading; and a melting curve from 65 to 95˚C. The experiments were performed independently at least 3 times. The fold expression was calculated using the 2 -ΔΔCt method. The primer sequences are listed in Table I .
Western blot analysis. The proteins were extracted from the left ventricular tissue using RIPA buffer (Sigma-Aldrich) and the protein concentration was measured using the Bradford method. A total of 20 µg protein was isolated by 12% SDS-PAGE followed by electroblotting onto a nitrocellulose (NC) membrane (Amersham, Little Chalfont, UK). Subsequently, non-specific binding was blocked with 2% skim milk in Tris-buffered saline (TBS) at room temperature for 1 h. Subsequently, the NC membrane was incubated with primary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted in the blocking buffer overnight at 4˚C, including rabbit anti-MT (sc-11377), rabbit anti-PGC-1α (sc-13067), goat anti-NRF-1 (sc-30911), rabbit anti-TFAM (sc-28200) and goat anti-GAPDH (sc-48166), which was followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz Biotechnology), including rabbit anti-goat IgG (sc-2768) and goat anti-rabbit IgG (sc-2004). The proteins were visualized using 4-chloro-1-naphthol (4-CN). Densitometric analysis was performed using Image Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Statistical analysis.
All experiments were performed in triplicate and the data are presented as the means ± standard deviation (SD). The statistical differences between 2 groups were determined using a Student's t-test, and were analyzed Table I . List of primer sequences used for RT-qPCR.
Gene
Sense Antisense
PGC-1α, peroxisome proliferator-activated receptor γ coactivator-1α; NRF-1, nuclear respiratory factor 1; TFAM, mitochondrial transcription factor A; MT, metallothionein.
by one-way ANOVA within multiple groups. A p-value <0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS software version 11.5 (SPSS Inc., Chicago, IL, USA).
Results

Pre-treatment with VE increases the mRNA and protein expression of MT in cardiomyocytes under conditions of HS.
MT has been previously reported to play a cytoprotective role, particularly in cardiomyocytes (16, 17) . Thus, in this study, to determine whether MT also participates in the stress response of cardiomyocytes exposed to high temperatures and humidity, the mRNA and protein levels of MT in mouse left ventricular tissue were measured by RT-qPCR and western blot analysis, respectively. As shown in Fig. 1A 
Pre-treatment with VE restores mitochondrial function in cardiomyocytes under conditions of HS.
The impairment of multiple aspects of mitochondrial function has been reported to be one of the principal events occuring in cardiomyocytes exposed to HS (3). An effective method of restoring mitochondrial function is urgently required. In this study, to determine whether VE promotes the recovery of mitochondrial function in cardiomyocytes under conditions of HS, the expression of genes involved in the regulation of mitochondrial function was measured in mouse left ventricular tissue by RT-qPCR and western blot analysis. The mRNA expression of PGC-1α, a transcriptional activating factor which participates in mitochondrial synthesis (18) , was significantly reduced in the cardiomyocytes isolated from mice housed under conditions of HS (p=0.0385); however, its expression was significantly increased by pre-treatment with VE (p=0.0061; Fig. 2A ).
The mRNA expression of NRF-1, a transcription factor regulating the transcription and replication of mitochondrial DNA (19) , was decreased under conditions of HS (p=0.0313), suggesting the suppression of mitochondrial function; however, pre-treatment with VE significantly increased the expression of NRF-1 in the cardiomyocytes under conditions of HS (p=0.0254; Fig. 2B ). The mRNA expression of TFAM, which plays a role in mitochondrial transcription and replication (20) , was also significantly reduced in the cardiomyocytes under conditions of HS (p=0.0246), and significantly increased by pre-treatment with VE (p=0.0369; Fig. 2C ). The protein expression of these 3 genes also confirmed the above-mentioned alterations ( Fig. 2A-C) . These data suggest that pre-treatment with VE restores mitochondrial function in cardiomyocytes under conditions of HS.
Pre-treatment with VE increases ATP levels in mouse heart tissue under conditions of HS.
To further confirm the effects of VE on mitochondrial function in mouse heart tissue under conditions of HS, the levels of ATP, an indicator of mitochondrial function, were measured using an ATP assay kit. As shown in Fig. 3 , the ATP levels were significantly reduced in the mouse heart tissue under conditions of HS (p=0.0273), indicating that the exposure to HS impaired mitochondrial function. By contrast, pre-treatment with VE increased the ATP levels in the mouse heart tissue under conditions of HS (p=0.0063), which demonstrated that the restoration of mitochondrial function had occurred.
Antioxidant capacity is reduced under conditions of HS, but these effects are reversed by pre-treatment with VE.
Oxidative stress is another event induced by exposure to HS and antioxidative capacity is an indicator of oxidative stress. In order to determine the effects of pre-treatment with VE on the antioxidant capacity in serum and cardiomyocytes obtained from mice exposed to conditions of HS, a FRAP assay was Figure 1 . Effect of vitamin E (VE) on the mRNA and protein expression of metallothionein (MT). Determination of (A) mRNA levels and (B and C) protein levels of MT in mouse cardiomyoctes. Protein expression was analyzed using Image-Pro Plus 6.0 software and normalized to GAPDH. Each column represents the means ± SD; n=3 experiments; * p<0.05 and ** p<0.01. HS, heat stress; NTH, normal temperature and humidity.
performed. The results revealed that the antioxidant capacity was significantly decreased under conditions of HS compared with normal conditions (the NTH/vehicle group; p=0.0517 in serum and 0.0580 in cardiomyocytes, respectively; Fig. 4 ), indicating that HS conditions promote oxidative stress. However, pre-treatment with VE significantly increased the antioxidant capacity in both the serum and the cardiomyocytes (p=0.0171 in serum and 0.0159 in cardiomyocytes, respectively; Fig. 4 ), implying that VE may attenuate oxidative stress induced by exposure to HS.
Pre-treatment with VE decreases the production of ROS induced by exposure to HS.
The level of ROS is another index of oxidative stress. The decreased antioxidant capacity may be attributed to the accumulation of ROS. In this study, to examine the effects of pre-treatment with VE on the production of ROS, the ROS levels in the mouse heart tissues were measured using electron spin resonance spectroscopy. As shown in Fig. 5 , compared with the NTH/vehicle group, HS induced a significant increase in the production of ROS (p=0.0042). Moreover, the pre-treatment with VE significantly decreased the produc- tion of ROS (p=0.0417; Fig. 5 ) compared with the HS/vehicle group. These results suggest that pre-treatment with VE reduces the production of ROS.
Pre-treatment with VE attenuates oxidative stress induced by exposure to HS. In order to examine the extent of oxidative stress induced by exposure to HS more specifically, we examined the effects of VE on the levels of antioxidant enzymes and markers of oxidative injury, namely SOD, GSH, MDA and LDH. The level of SOD, a powerful antioxidant which targets ROS, was significantly decreased under conditions of HS (p=0.0134; Fig. 6A) ;
however, pre-treatment with VE significantly increased SOD levels (p=0.0259). Similarly, the level of GSH, a common antioxidant, was also significantly reduced in the HS/vehicle group (p=0.0028; Fig. 6B ), whereas pre-treatment with VE significantly increased the GSH level (p=0.0147). The level MDA, an important marker of lipid peroxidation associated with oxidative stress, was significantly increased under conditions of HS compared with the NTH/vehicle group (p=0.0034; Fig. 6C ); this effect was inhibited by pre-treatment with VE (p=0.0267).
We also observed that exposure to HS significantly increased the release of LDH (p=0.0043; Fig. 6D ), whereas pre-treatment with VE reduced the LDH level (p=0.0412). Taken together, these results demonstrate that the oxidative stress induced by exposure to HS may be attenuated by pre-treatment with VE.
Discussion
In the present study, we demonstrate that pre-treatment with VE can prevent mitochondrial dysfunction and oxidative stress in cardiomyocytes induced by exposure to HS, possibly by increasing the expression of MT. Mitochondrial dysfunction and oxidative stress are the two principal events induced by exposure to HS (21, 22) , which mainly target the cardiovascular system (2,23). However, effective methods for the prevention and treatment of cardiovascular diseases caused by exposure to HS are lacking. This study provides evidence that pre-treatment with VE has potential therapeutic applications as it is capable of counteracting the effects of exposure to HS. However, the application of VE in the prevention of HS warrants further investigation. In our previous studies, one of the underlying mechanisms responsible for heat stress (due to high temperatures and humidity), as well as a potential drug capable of protecting cardiomyocytes from HS were explored. More specifically, HS-induced oxidative stress and the apoptosis of cardiomyocytes were attributed to the renin-angiotensin system (8). Subsequently, it was proven that geranylgeranylacetone suppressed the apoptosis of cardiomyocytes exposed to HS, mainly due to the enhanced expression of Hsp70; however, it had no effects on oxidative stress (9) . Cell apoptosis is the third event induced by HS (24) , in addition to mitochondrial dysfunction and oxidative stress mentioned in the present study. In fact, mitochondrial dysfunction consists of a series of events, including the release of cytochrome c and AIF from the mitochondrial nucleus into the cytoplasm, which leads to the insufficient supply of energy and subsequent cellular apoptosis (25) . This process is termed mitochondria-mediated cell apoptosis. Hence, mitochondrial dysfunction and cell apoptosis are closely interrelated. Decreased cell survival induced by cell apoptosis has also been demonstrated to contribute to HS-induced cardiovascular diseases.
Currently, it is widely accepted that ROS are inter-and intra-cellular second messengers, participating in intracellular signal transmission (26, 27) . However, the excessive production of ROS may exert negative effects, leading to oxidative stress, gene silencing, cellular dysfunction and ultimately, apoptosis or necrosis. ROS are a type of oxidant found in organisms. Hence, a balance between oxidation and antioxidation is crucial for normal metabolism, cellular function, as well as correct responses to various types of stimuli (28) . Above all, the levels of antioxidants within cells, the cytomembrane, and the cytoplasm may be increased and mobilized to neutralize the excessive formation of ROS (29, 30) . It has been previously reported that VE is an effective antioxidant; Shirpoor et al investigated the role of VE in diabetes-induced oxidative stress, and found that as an antioxidant, VE exerts a potent protective effect (31) . In addition, Takahashi et al reported that VE supplementation attenuated oxidative stress in postmenopausal women (32) . Moreover, in the study by Sakr et al, VE was proven to effectively attenuate oxidative stress in a rat model of hypoxia (33) . However, the effects of VE on cardiovascular diseases induced by exposure to HS are not yet fully understood. In this study, our results suggest that exposure to HS may induce oxidative stress, as indicated by the overproduction of ROS and the decreased antioxidant capacity. Pre-treatment with VE was also demonstrated to attenuate oxidative stress induced by exposure to HS.
MT belongs to a group of intracellular, non-enzymatic proteins (6-7 kDa) that is distinguished among different species (11) , and it is characterized by the binding of metal ions, such as Zn 2+ , Cd 2+ , Cu 2+ and Hg 2+ (34) . Ubiquitously expressed MT has been reported to participate in a number of regulatory activities in both normal and cancer cells, such as in the homeostasis of zinc ions, the detoxification of heavy metals, proliferation, apoptosis and cytoprotection against oxidative damage (35) (36) (37) (38) (39) . In the present study, the expression of MT was increased by pre-treatment with VE, suggesting that MT participates in the protection of mouse cardiomyocytes against HS.
In conclusion, in this study, we demonstrated that the oral administration of VE increased the expression of MT, which was associated with the restoration of mitochondrial function and reduced oxidative stress. Thus, we provide evidence for the possible application of VE in the prevention and treatment of cardiomyocytes under conditions of HS. However, further investigations are warranted in order to provide more concrete evidence that the increased expression of MT directly contributes to the cytoprotective effects of VE , as well as to elucidate the precise mechanisms responsible for these effects.
